Objective: This study aimed to determine whether a hypercholesterolemic diet induces hepatic steatosis, alterations in mRNA expression of NADPH oxidase subunits, and antioxidant defenses. Materials and methods: Fischer rats were divided into two groups of eight animals according to the treatment, control (C) and hypercholesterolemic diet (H). Those in group C were fed a standard diet (AIN-93M), and those of the group H were fed a hypercholesterolemic diet (25% soybean oil and 1% cholesterol). Results: The hypercholesterolemic diet did not affect body weight, but resulted in the accumulation of lipids in the liver, increased serum activities of aminotransferases and cholesterol levels. Biomarker of lipid peroxidation (TBARS) and mRNA expression of NADPH oxidase subunits p22 phox and p47 phox were increased in the liver of animals in group H. Besides, the activity and expression of antioxidant enzymes were altered.
INTRODUCTION
N on-alcoholic fatty liver disease (NAFLD) is the most common form of chronic liver disease. Nowadays, it is being considered a hepatic manifestation of metabolic syndrome (1) (2) (3) .
NAFLD is a disease characterized by the accumulation of fat in the liver of patients without history of alcohol abuse (4) . The spectrum of NAFLD includes simple fatty liver (when greater than 5% of the liver weight), and non-alcoholic steatohepatitis (NASH), showing steatosis and necroinflammation that may progress to liver cirrhosis, hepatocellular carcinoma, and advanced liver disease (2) (3) (4) (5) (6) .
The molecular and cellular mechanisms underlying hepatic injury in NAFLD are not well defined. Several sources of evidence suggest that multiple mechanisms, including enhanced flow of free fatty acids and release of adipocytokines from the adipose tissue. In the liver, mitochondrial dysfunction, oxidative stress, and hepatocyte apoptosis are key contributors to hepatocellular injury. In addition, lipotoxic mediators and intracelullar signals activate Kupffer cells, which initiate and perpetuate the inflammatory response and development of fibrosis (7) .
Oxidative stress occurs as a result of either excess generation of reactive oxygen species (ROS), and/or reduced antioxidant defenses. In the healthy liver, antioxidant systems such as catalase, superoxide dismutase, and glutathione peroxidase efficiently remove excess ROS to maintain normal cell homeostasis. On the other hand, one of the major sites of physiological ROS generation is NADPH oxidase (NOX) (8) . NOX is an enzyme complex that generates ROS in response to a wide range of stimuli, and has been recognized as a key element of intracellular signaling of hepatic fibrogenesis (8) .
A role for the NADPH oxidases in chronic liver diseases, such as fibrosis and viral hepatitis, related to chronic inflammation, has been proposed (9, 10) . In the pathogenesis of alcoholic liver steatosis, there is an increase in NADPH oxidase activity and predominance of pro-oxidant agents, exceeding the capacity of the organic antioxidant defense (8) . Under these circumstances, intracellular homeostasis in the redox status is interrupted and, sometimes, induces cell damage resulting in apoptosis or necrosis, potentially contributing to the devastating injury and dysfunction of liver tissue (11, 12) .
Total body deficiency in p47 phox subunit of NADPH oxidase complex protects mice from alcohol-induced liver steatosis (13) . However, mice on a methionine-choline-deficient (MCD) diet develop NASH with similar pathology as the wild type, despite the lack of a functional NADPH oxidase enzyme (14) . The role of this enzyme complex in the others animal models of NAFLD have not been investigated.
Because of the increasing prevalence of NAFLD, elucidating the mechanisms of oxidative stress-induced injury within the liver is vital for the understanding of the pathogenesis of this disease (15) . Recent reports suggest that dietary cholesterol is a critical factor in the development of experimental steatohepatitis in animal models (16) . Human studies also support the hypothesis that dietary cholesterol plays a role in the development of steatohepatitis. In an epidemiological study, it was reported that dietary cholesterol consumption was independently associated with the development of cirrhosis (17) . In mice, the presence of triacylglycerol and cholesterol in the diet are needed for the development of both hepatic histological abnormalities of NASH and its associated metabolic abnormalities (16) .
Our aims were to determine whether a hypercholesterolemic diet (25% soy oil, 1% cholesterol) for eight weeks causes histologic hepatic alterations in female rats, and if this diet induces alterations in mRNA expression of NADPH oxidase and antioxidant defense enzymes, once oxidative stress is the implicated event contributing to the progression of liver steatosis to NASH, and since the understanding of the mechanisms by which NAFLD and NASH are developed is extremely important for the development of therapeutic interventions.
MATERIALS AND METHODS

Animals and experimental design
Female Fischer rats weighing approximately 138 g were obtained from the Experimental Nutrition Laboratory of the Universidade Federal de Ouro Preto (UFOP). Animals were individually housed in wire-bottomed metabolic cages and kept in a room at controlled conditions (24ºC, 55% humidity, 12-h light/dark cycles) with food and water ad libitum. The Ethics Committee on Animal Use of the UFOP approved all animal procedures. Rats were divided into two groups of eight animals each, and weighted. The first group served as the control (C) and received a standard AIN-93M diet, and the second group (H) received a hypercholesterolemic diet (25% soybean oil and 1% cholesterol) (Table 1). During the experiment, body weight and food intake were monitored. Food efficiency was calculated according to the following index: (body weight gain) x (food intake) 
Hepatic histology
Livers were removed at the end of the experiment and fixed in 4% buffered formalin. Subsequently, fixed lobes were transversely cut and processed in decreasing concentrations of alcohol, and embedded in paraffin. Paraffin sections of about 4-μm were obtained in a semi-automatic microtome, mounted and stained by hematoxylin and eosin (H&E) and Masson's trichrome. Photomicrographs were taken on a Leica DM5000 microscope coupled to a digital camera. Morphometric analyzes were performed using Image J Software. Lipid accumulation and hepatocytes with macrovesicular steatosis were counted in a total area of 1.5x10 6 µ 2 using paraffin sections stained with H&E. The presence or absence of fibrosis was assessed by evaluation of paraffin sections stained Masson's trichrome in the same total tissue area.
Real time quantitative RT-PCR assay
Total RNA was isolated from the liver tissue of rats using the SV Total RNA Isolation System (Promega Corporation, Madison, USA) according to the manufacturer's instructions. cDNA was synthesized from 2 µg of total RNA with random primers using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA), following the manufacturer's recommendations. Real time PCR was performed with the Power SYBR ® Green PCR Master Mix reagent (Applied Biosystems, Foster City, CA) in a final reaction volume of 12 µL; the reaction included 1 µL of cDNA and 0.5 µL of each primer (forward and reverse, 10 µM).
The primers used for amplifying transcripts of genes of interest were those related to NADPH oxidase subunits: gp91 phox , p22 phox , p47 phox , p40 phox and p67 phox . The primers for CAT, Zn-superoxide dismutase (SOD), glutathione peroxidase (GPx), and gamma-glutamyl cysteine synthetase (γ-GCS) were designed according to the nucleotide sequences published by Xiong and cols. (18) . The primer for gene endogenous control 18S was used. The reactions were carried out under the following conditions: 50ºC for 2 min, 95ºC for 10 min, and then 40 cycles of 95ºC for 15 sec (denaturation), and 60ºC for 1 min (primer annealing and 
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Sample preparation
After eight weeks (56 days), rats were allowed a twelve--hour fast, anesthetized with isoflurane, and euthanized. To determine the levels of serum components, blood samples were collected in polypropylene tubes and centrifuged. Livers were removed, weighed, separated for histology, and the remainder immersed in liquid nitrogen, and immediately stored at −80 ºC for subsequent analysis. Abdominal and mesenteric fat were removed and weighed.
Serum laboratory tests
Serum activities of alanine aminotransferase (ALT), and aspartate aminotransferase (AST), cholesterol, triglyceride, high density lipoprotein (HDL), glucose, and total protein were measured using Labtest (Lagoa Santa, MG, Brazil) kits, and the measurements were performed according to the manufacturer's instructions. The batch and referencing number of each using kit product extension). The specificity of the products obtained was confirmed by analysis of dissociation curves of the amplified product. The data obtained were analyzed using the comparative CT method. Target gene expression was determined relative to the expression of the endogenous 18S gene. All analyses were performed in triplicate. It is important to note that all primers used were previously tested in other studies from our lab (19, 20) .
Antioxidant defenses and oxidative stress biomarker in liver homogenate
Catalase (CAT) activity was determined according to Aebi (21) Superoxide dismutase (SOD) was assayed using Superoxide Dismutase Assay Kit (Cayman Chemical Company, nº 706002). This essay utilizes a tetrazolium salt for the detection of superoxide radicals generated by xanthine oxidase and hypoxantine. One unit of SOD is defined as the amount of enzyme needed to cause 50% dismutation of the superoxide radical. Only Cu/ Zn-SOD was measured.
The total glutathione content of liver homogenates was measured by the kit (CS0260) from Sigma (St. Louis, MO). The level of thiobarbituric acid reactive substances (TBARS) was estimated by the method of Buege and Aust (22) . Liver homogenate supernatants were mixed with TCA (28% w/v in 0.25 N HCl), TBA (1% in 0.25 M acetic acid), and BHT (125 mM in ethanol), heated for 15 min at 95°C and then placed in an ice bath. The precipitated material was removed by centrifugation, and the absorbance of the sample at 535 nm was determined. TBARS concentration was calculated using the molar absorption coefficient of MDA (154.000 M 
Statistical analysis
Data were subjected to the Kolmogorov-Smirnov test for normality, expressed as mean ± standard deviation (SD) in cases of normal distribution, and expressed as median in cases of non-parametric distribution. The Student t test was used for data with normal distributions and Mann-Whitney test was used for data with non-normal distributions. Differences were considered significant when p ≤ 0.05. All analyses were conducted using the software GraphPadPrism version 5.00 for Windows (San Diego, CA).
RESULTS
The hypercholesterolemic diet does not modify body weight
The two groups had similar baseline weight, as seen in table 2. At the final of the eight-week experiment, body weight did not change between the groups (Table 2) . Although the animals of the control group had greater food intake, calorie intake (kcal) was the same in the two groups, demonstrating that food efficiency in the hypercholesterolemic group was better than in the control group (p = 0.0003).
The hypercholesterolemic diet causes lipid accumulation in the liver
The hypercholesterolemic diet was not efficient in raising body weight, but caused lipid accumulation in the liver. There was no change in the weight of mesenteric and abdominal fats ( Table 2 ).
The hypercholesterolemic diet increases serum levels of liver enzymes and cholesterol
The levels of liver enzymes AST and ALT were greater in H group compared with the C group, indicating that lipid accumulation was harmful to this organ (Table 2 and Figure 1) . The hypercholesterolemic diet both increases serum levels of cholesterol and total proteins, and decreases the level of HDL, characterizing the disease hypercholesterolemia. The reduction in triglyceride levels is expected in this experimental model (Table 2 and Figure 1 ). C: group that received the standard diet; H: group that received the hypercholesterolemic diet.
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The experimental model is a good model to study simple steatosis
According to table 3 we can notice that all animals in the H group had microvesicular and macrovesicular steatosis, demonstrating that a hypercholesterolemic diet during eight weeks induces steatosis, but does not influence either inflammatory infiltrate or fibrosis. The liver sections showed the following histological features: the C group presented normal liver histology, and the H group presented steatosis with insignificant inflammatory infiltrate and absence of fibrosis, characterizing simple steatosis (Figure 2 ).
The mRNA expression of NADPH oxidase is altered in livers with simple steatosis
Quantitative PCR analysis showed increased expression of NADPH oxidase subunits p22 PHOX and p47 PHOX in hypercholesterolemic rats, compared with the C group (Figure 3) . The activity and expression of antioxidant enzymes and TBARS are also altered by lipid accumulation in the liver
Catalase activity did not show significant differences between groups, but mRNA expression was decreased on H group. On the contrary, SOD presented reduced activity and mRNA expression was unchanged. The total hepatic glutathione content was 1.19-fold in the H group, and the mRNA expression decreased, compared with the control. TBARS levels are widely used as biomarkers of lipid peroxidation. Compared with control animals, the rats of the H group showed a 1.3-fold increase in TBARS (Figures 4 and 5 ). 
DISCUSSION
Studies in animals have demonstrated strong associations between diet composition and balance and the development of fatty liver. Because of this, it has been postulated that dietary habits may promote NAFLD in humans. The mechanisms by which diet may play a role include modulation of hepatic triglyceride accumulation and regulation of the antioxidant activity, as well as changes in insulin sensitivity and postprandial triglyceride metabolism (1, 24, 25) . Both excessive carbohydrate intake (26) and excessive fat intake could play a role in increasing blood glucose, free fat acids, and insulin concentrations, independently or together (1, 6) . The diet containing 25% soybean oil and 1% cholesterol promoted hypercholesterolemia in rats and simple steatosis.
There is no single biochemical marker that can confirm a NAFLD diagnosis or distinguish between steatosis, NASH, and cirrhosis, but liver function tests abnormalities are common in patients with NAFLD, with elevations in ALT and AST usually no greater than four times the upper limit of normal (3, 27, 28) . Liver biopsy is the gold standard for the diagnosis of NAFLD, considering that it is the only method that can distinguish between simple steatosis, NASH, and the degree of fibrosis (29, 30) . Histologically, NASH is similar to alcohol-induced hepatitis, with the presence of macrovesicular steatosis, mixed inflammatory cell infiltration in the lobules, hepatocyte ballooning and necrosis, Mallory bodies, and perisinusoidal fibrosis or cirrhosis (5, 31) .
As expected, our results indicated that the hypercholesterolemic diet caused liver damage, and increased oxidative stress and cholesterol levels in female rats. Liver injury was characterized by hepatomegaly and increased activities of AST and ALT enzymes. Hepatic histology indicates that animals fed the hypercholesterolemic diet presented lipid accumulation as shown by H&E and Sudan IV staining. This can be viewed as macrovesicular steatosis, represented by large white vesicles and marked by the intensity of red color, indicating the presence of lipids, respectively. Masson's trichrome revealed no difference between the groups regarding the presence of fibrosis. Thus, it is evident that animals fed the hypercholesterolemic diet only showed steatosis, without progression to NASH and cirrhosis, proving that the hypercholesterolemic diet consisting of 25% soybean oil and 1% cholesterol administered for eight weeks was effective in inducing hepatic steatosis in Fischer rats.
During the development of NAFLD, there is an increased production of ROS, often leading to greater hepatic lipid peroxidation (32, 33) . Our results showed that consumption of the hypercholesterolemic diet increased liver TBARS, indicating increased oxidative stress. It is known that oxidative stress can occur by increasing of pro-oxidant systems and/or by lowering antioxidant enzymes. Increased NADPH oxidase activity has been reported in animal models of NASH, in which dietary antioxidants or NADPH oxidase inhibitors ameliorated the progression of the disease (34) (35) (36) . Thus, we decided investigate if there would be changes in gene expression of the subunits of this enzyme complex in this model.
The subunit p47 PHOX of NADPH oxidase is the main responsible for transporting the cytosolic complex from the cytosol to the membrane during oxidase activation. Before the cytosolic oxidase components can be transferred to the membrane, however, p47 PHOX must be extensively phosphorylated (37) . When p47 PHOX is phosphorylated, it binds to p22 PHOX , an interaction that is probably responsible for activating the oxidase (38) .
The p22 PHOX functions as an integral subunit of the final electron transporter from NADPH to heme to molecular oxygen in generating superoxide anion (39) . In this study, we found increased expression of p47 PHOX and p22 PHOX subunits of NADPH oxidase in the H group, thus indicating that this increase could be contributing to the activation of this enzyme complex, favoring the generation of ROS.
It is known that increase of ROS in cells can induce increase of antioxidant enzymes. Our results show that the livers of hypercholesterolemic rats was reduced in the mRNA expression of antioxidant enzymes, suggesting that the reduction of antioxidant enzyme activity could contribute to increased stress found in the livers of these rats. SOD activity appeared reduced; however, the same was not observed for catalase activity and glutathione concentration, suggesting an apparent contradiction. We suggest that, even with a possible reduction in the concentration of catalase that may not have been reflected in its activity due to its exceptional catalytic activity, a likely reduction in the concentration of GPx may compromise its role in eliminating peroxides, in spite of the increased concentration of total glutathione. Together, our data show a change in pro-oxidant/ antioxidant systems that resulted in increased TBARS. TBARS are by-products of oxidative stress that indicate lipid peroxidation. The production of 4-hydroxy-2-nonenal (HNE) and malondialdehyde (MDA), types of TBARS, up-regulate liver fibrosis via activation of stellate cells and result in increased production of transforming growth factor-beta (3). Horoz and cols. (40) showed that patients with steatosis alone, and with NASH have higher levels of TBARS, corroborating our results.
The hypercholesterolemic diet consisting of 25% soybean oil and 1% cholesterol and administered for eight weeks was effective in inducing hepatic steatosis in rats, constituting a good model for the study of steatosis.
Definitively, hepatic steatosis should not be considered benign. In our experimental findings, we can prove that steatosis led to changes in mRNA expression and, consequently, an changed in the redox balance.
Understanding that steatosis alone may bring significant changes is an important step to define new strategies for the treatment of NAFLD in the future.
